Plasma pretreatment on the top and bond coats was performed and its influence on the thermal durability of thermal barrier coating (TBC) system was investigated through cyclic thermal exposure. Two types of bond coat were prepared by different methods, namely, air plasma spray (APS) and high-velocity oxy-fuel (HVOF), and two kinds of feedstock powder were employed for preparing the top coat in APS process. The better thermal durability was achieved in the vertically cracked TBC with the surface modified bond coat or with the bond coat prepared by APS process. The hardness and fracture toughness values of TBCs increased because of densification of the top coat during cyclic thermal exposure, and the bond coat prepared by HVOF process showed higher values than that by APS process. The TBCs with the surface modified bond coat were more efficient in improving adhesive strength than those without plasma pretreatment on the bond coat. The relationship between microstructure evolution and thermomechanical characteristics of TBCs with plasma pretreatment was discussed in cyclic thermal exposure.
Introduction
Currently, plasma sprayed coatings, especially zirconia-based coatings, are widely used in various industries because of their attractive properties, namely, low thermal conductivity, high coefficient of thermal expansions (CTEs), and oxidation resistance [1] . In particular, thermal barrier coatings (TBCs) are used to protect and insulate metallic substrates in hotsection components, such as blades, vanes, and combustor parts in gas turbines [2, 3] . Generally, the TBC system consists of a substrate of nickel based superalloy, an intermetallic bond coat of MCrAlY ( = nickel and/or cobalt), and a ceramic top coat. The bond coat plays an important role in preventing the substrate from oxidation and in decreasing thermal expansion mismatch between the top coat and the substrate, and the top coat is prepared either by air-plasma spray (APS) process or by electron beam-physical vapor deposition process using 7-8 wt% yttria (Y 2 O 3 )-stabilized zirconia (ZrO 2 ), which provides a thermal barrier function to TBC system [4] . Also, the TBC system can provide a major reduction in the surface temperature of metallic components when combined with the use of internal air cooling on the underlying metallic components, indicating that an increase in thickness of the top coat reduces the surface temperature of the cooled components in gas turbine engines at the rate 4-9 ∘ C per 25 m [5] . The microstructure, such as oxide scales and porosity, depends on the composition of feedstock powder, manufacturing process, coating parameter, and working condition [3, 6] . The thermal durability of TBCs is closely related to its microstructure, and the lifetime performance of TBCs decreases sharply as the applied temperature increases. Therefore, an improvement in thermal stability through 2 Advances in Materials Science and Engineering microstructure development in the top coat of TBCs has been the main subject of several studies on the protective coating system [7] [8] [9] . In the present study, the bond and top coats have been modified using different feedstock powders and coating systems. The newly developed TBCs through the microstructure design using the APS and HVOF systems could be promising for use in TBC application. To adjust TBCs to a real application for hot-section components in gas turbines, two types of bond coat were prepared using the APS and HVOF processes, and then the plasma pretreatment was performed on the surfaces of each bond coat to improve adhesion between the bond and top coats by removing pollutants and by controlling surface roughness. The vertically cracked top coats with the dense and porous microstructures were prepared using the TriplexPro-200 system. In order to understand the effects of plasma pretreatment on the thermal durability and mechanical properties of TBCs, the microstructure evolution in the bond and top coats was investigated through cyclic thermal exposure and the mechanical properties with feedstock powder were estimated, including the thermal stability at the interface of the bond and top coats. The cyclic thermal exposure tests were performed at 1100 ∘ C to observe the thermal durability of the vertically cracked top coats with different bond coat species as a function of plasma pretreatment. Advantages of plasma pretreatment on the bond and top coats for enhancing the thermal durability of TBCs in cyclic thermal exposure were discussed, based on microstructure evolution and mechanical properties.
Experimental Procedure

Preparation of TBCs.
A nickel-based superalloy with 25.4 and 5 mm in diameter and thickness, respectively, was used as a substrate. The substrate was sand blasted using an alumina (Al 2 O 3 ) powder with particle size of 50 mesh, and then the APS and HVOF processes were conducted within 2 h. Two kinds of feedstock powder were used and two types of coating process were employed to coat a bond coat on the substrate: AMDRY 962 (Sulzer Metco Holding AG, Switzerland, nominal composition of Ni-22Cr-10Al-1.0Y in wt% and particle size of 56-106 m) for APS process using Table 1 . These parameters were selected from conditions indicated by the manufacturer of the powders trying to guarantee the best deposition characteristics.
2.2.
Characterization. The TBC specimens with and without the plasma pretreatment were preprocessed to observe crosssectional microstructure and to measure mechanical properties. The cross-sectional microstructure of TBC specimens was observed using a scanning electron microscope (SEM, JEOL JSM-5610, Japan). The cyclic thermal exposure tests were performed until 381 cycles in a specially designed furnace at 1100 ∘ C-the upper surface of the specimen was exposed to high temperature and the bottom surface was cooled with a natural air, showing the temperature difference of 150 ∘ C between the upper and bottom surfaces. The holding and cooling times were 60 and 20 min, respectively. The failure criterion was defined as 25% buckling or spallation of the top coat in the tests. The hardness and fracture toughness values before and after the tests were measured using a microindenter (HM-114, Mitutoyo Corp., Japan) for loads of 3 and 30 N with a Vickers tip, respectively [11] . Nanoindentation was carried out on the sectional planes of each TBC to determine elastic modulus using a nanoindenter (Nanoinstruments, MTS Systems Corp., Eden Prairie, USA) employing a Berkovich tip (radius < 100 nm). TBC specimens employed in this study are summarized in Table 2 . The adhesive strength was measured with the as-prepared TBC specimens bonded to the jig fixture by an epoxy adhesive in the oven for 3 h at 200 ∘ C, according to the ASTM standard (ASTM-C-633-01) [12] .
Results and Discussion
As-Prepared Microstructure.
The cross-sectional microstructures of TBC specimens at a low magnification, which were prepared with different feedstock powders and coating processes, are shown in Figure 1 . The microstructure of the vertically cracked top coats prepared with C-NS (Figures 1(a) to 1(c)) was relatively porous, compared to that with NS (Figures 1(d) to 1(f)). The C-NS feedstock powder has a disadvantage for powder melting in the plasma flame owing to the bigger particle size rather than the NS feedstock powder, showing the porosities of the top coats prepared with C-NS and NS in the ranges of 15 ± 3 and 10 ± 2%, respectively. The vertical type cracks were developed by a thermal shock after the plasma treatment on the surface of the top coat by the plasma flame. The vertical cracks in the top coats of C-NS and NS were generated in the ranges of 16-20 and 20-24 per 10 mm, respectively, showing the relatively large number of vertical cracks in the top coat with NS. The top coat with NS was denser than that with C-NS, which is a major cause leading to a large number of vertical cracks in the top coat with NS. The surface of the top coat with C-NS showed a remelted layer because of the relatively low purity of C-NS [13] . The top coats with C-NS and NS were well deposited with ≫ 1, 000 m and showed the typical microstructure developed in the commercial APS process. The amount of oxides in the bond coat by HVOF process was smaller than that by APS process because the Diamond Jet-2600 DJM system can produce a higher particle velocity of about 850 m/s, compared with the TriplexPro-200 system of about 560 m/s [14] . The interface microstructures between the bond and top coats of the TBCs designed in this study are shown in (Figures 2(d) to 2(f)) contained the narrower and relatively uniform "splat" boundaries/cracks, whereas the relatively porous top coat with C-NS (Figures 2(a) to 2(c)) indicated the thicker "splat" boundaries/cracks, large pores, and un-melted particles.
Cyclic Thermal Exposure.
The cross-sectional microstructures at the interfaces of the TBCs which survived after cyclic thermal exposure for 381 cycles (8,000 EOH: equivalent operating hour) are shown in Figure 3 . The EOH concept is usually used for estimating the lifetime of gas turbines in the field [3] . The maintenance and inspection interval units are performed based on the EOH rather than the actual running hours. In this study, EOH was estimated as an approximate value, multiplying the number of cycles by 21. In the cyclic thermal exposure tests, the TBCs with C-NS showed a sound condition at the interface without delamination up to 381 cycles (see Figures 3(a) to 3(c) ), even though the small and narrow cracks were generated at the interface. However, the TBCs with NS were delaminated in the ranges of 200-240 and 340-360 cycles without and with the plasma pretreatment on the bond coat prepared with HVOF process, respectively, while the TBC with NS on the APS bond coat without the plasma pretreatment survived after 381 cycles, even though the relatively thick cracks were observed at the interface (Figure 3(d) ). Thus, in the case of the top coat with a dense microstructure (e.g., the top coat with NS), the TBC system prepared by APS process implies better thermal stability than that by HVOF process, indicating that the plasma pretreatment can improve the thermal durability. Usually, a dense microstructure in top coat promotes heat transfer and thermal diffusion, and shows less strain tolerance than a porous one. The surviving specimens ( Figure 3) showed an oxidation phenomenon at the interface between top and bond coats and inside of the bond coat. The effects of the surface modified bond coat and the coating process on the thermal stability were verified in Figure 3 . The small horizontal cracks were integrated into the long and thick ones in the TBC with NS, whereas the microstructure of the top coat in the TBC with C-NS was densified after cyclic thermal exposure. After thermal exposure for 381 cycles, the TGO layers of both the C-NS and NS TBC systems in the surviving specimens were developed below 10 m. If the thickness of TGO layer is greater than 10 m, the interface between TGO layer and top coat normally starts to be delaminated and a failure phenomenon is shown [15] . With increasing the surface temperature of top coat, the thermal expansion mismatch plays a more dominant role in failure or delamination of TBC, and the oxidation of bond coat leads to a change in sign of stresses due to the smaller CTEs of TGO layer. The formation and growth of the TGO result in the depletion of Al in bond coat. Usually, the duplex oxide scale was formed in TGO layer: black color is formed early and gray one is formed late. spinel structures) layers [16] . In EDS analysis of the TGO layer, the greater part of the TGO area was -Al 2 O 3 , and some of them were (Cr, Al) 2 O 3 layer. In our study, the TBCs after the plasma pretreatment showed better thermal durability than those without the plasma pretreatment, when the same condition was employed to prepare the bond coat, especially in the HVOF bond coat. The failure mechanisms of plasma sprayed TBCs involve a complex function of defects present within the top coat and at the interface region and are related to how these defects respond to cyclic thermal exposure. The observation and failure mechanisms could be well explained with previous works [6, 17, 18] . According to Padture et al., during thermal cycling, progressive roughening of the bond coat/TGO/top coat interfaces occurs due to cyclic creep of the bond coat [17] . According to Rabiei and Evans [6] and Ranjbar-Far et al. [18] , the preference for crack growth in TBC is consistent with the low transverse fracture toughness of TBC by APS process.
Mechanical Properties.
The hardness and fracture toughness values of the top coats designed in this study were measured using a Vickers indentation method. Results before and after the cyclic thermal exposure tests are shown in Figure 4 . In the case of as-prepared TBCs, the hardness values of the TBCs with C-NS and NS were determined to be 6.4±0.1 to 3.2 ± 0.1 and 7.2 ± 0.3 to 4.3 ± 0.2 GPa, respectively. The hardness values were decreased linearly as the indentation position was moved to the interface between the bond and top coats. The hardness values obtained in the top coats with the plasma pretreatment were higher than those of the top coats previously reported with nominal values of 3.2 and 4.4 GPa for TBCs with C-NS and NS powders, respectively [2, 3] . After cyclic thermal exposure, the hardness values of the vertically cracked TBCs with C-NS and NS were determined to be 7.8 ± 0.1 to 4.2 ± 0.1 and 8.3 ± 0.2 to 5.3 ± 0.2 GPa, respectively. The hardness values were increased in both cases after cyclic thermal exposure for 381 cycles. The increase in the hardness value is due to the densification of the top coat during cyclic thermal exposure. The hardness values were much similar with our previous studies [3, 19] . It was verified that the hardness value is in a good agreement with the microstructure evolution. The fracture toughness values of the TBCs with C-NS and NS were determined to be 0.3 ± 0.1 and 0.9 ± 0.1 MPa⋅m 1/2 , respectively. The fracture toughness value obtained in the TBC with NS was higher than that of the top coat previously reported as a nominal value of 0.25 MPa⋅m 0.5 [3, 5] . After cyclic thermal exposure for 381 cycles, the fracture toughness values of the TBCs with C-NS and NS were increased to 0.7 ± 0.1 and 1.6 ± 0.5 MPa × m 0.5 , respectively, showing a large standard deviation in the TBC with NS.
The effects of microstructure and cyclic thermal exposure on elastic modulus are shown in Figure 5 . In the case of asprepared TBCs, the modulus values of the top coats in the TBCs with C-NS and NS were determined to be 105 ± 7 and 108 ± 9 GPa, respectively. APS process showed lower value than HVOF process in the bond coat, which were determined to be 115 ± 7 and 138 ± 16 GPa for the APS and HVOF processes, respectively. The modulus values were obtained in the middle of specimen. Therefore, there was not any effect of the plasma pretreatment. The modulus values measured in this study for the TBCs with C-NS and NS were slightly higher than the previously reported values with nominal values of 90 GPa, showing similar values to the bond coat. After cyclic thermal exposure, the modulus values of the top coats in the TBCs with C-NS and NS were slightly increased, owing to densification of the top coats, which were determined to be 109 ± 5 and 113 ± 12 GPa, respectively. However, the modulus values in the bond coat were greatly increased because of oxidation, being 176 ± 5 and 161 ± 3 GPa for the HVOF bond coats with and without the plasma pretreatment, respectively, and 176 ± 2 and 145 ± 12 GPa for the APS bond coats with C-NS and NS, respectively. The modulus variation in the bond coats was similar to those of hardness and toughness. The elastic modulus values before and after cyclic thermal exposure and with and without the plasma pretreatment were in a good agreement with the microstructure evolution.
Adhesive Strength.
The adhesive strength in TBC system is strongly dependent on its microstructure, and the fracture origin is related to the interface microstructure of the bond and top coats. The adhesive strength values of each TBC employed in this study are shown in Figure 6 . The adhesive strength values of the TBCs with C-NS on the HVOF bond coats without and with the plasma pretreatment were determined to be 5.4 ± 0.5 and 6.4 ± 0.1 MPa, respectively, and that on the APS bond coat without the plasma pretreatment was determined to be 3.1 ± 0. the HVOF bond coat with the plasma pretreatment showed the highest strength value of 6.5 ± 0.1 MPa, because of the relatively dense microstructure and the modified interface with the plasma pretreatment, while those of the TBCs with NS on the HVOF and APS bond coats without the plasma pretreatment being 5.8 ± 0.4 and 4.7 ± 0.1 MPa, respectively. The TBCs prepared with the HVOF bond coats showed higher adhesive strength values than those with the APS bond coat, independent of the plasma pretreatment, because HVOF process gives a lower interface stresses and a better strain isolation in TBC system. The TBC system with the surface modified HVOF bond coat provided better adhesive strength than those with the APS bond coat without the plasma pretreatment, because of the relatively dense interface microstructure and the structural efficiency with the plasma pretreatment. The adhesive strength values measured in the study were a little lower than those of TBCs previous reported, which were prepared with APS process [2] . However, the thickness in the previous study was less than 1,000 m and there were no vertical type cracks in the top coat. Usually, the adhesive strength is dependent on the coating thickness and decreased with increasing the thickness because of the thermal shock and dimension change during coating process. Delamination in the adhesive strength tests was created within the top coat, not at the interface, which would be originated from the vertical type cracks. Therefore, it can be said that the interface stability was improved by the plasma pretreatment.
Conclusions
The microstructures of TBCs were well controlled with different feedstock powders in the bond and top coats. The TBCs with C-NS, having a relatively porous microstructure, showed a sound condition without delamination at the interface between the bond and top coats after cyclic thermal exposure for 381 cycles, independent of bond coat species. Delamination at the interface between the bond and top coats readily occurred in the TBCs with a relatively dense microstructure. The TGO layer was not fully developed in the surviving specimens tested. In the TBCs with the HVOF bond coat, the plasma pretreatment on the bond coat enhanced the thermal durability. The hardness and fracture toughness values in all TBC specimens tended to increase with cyclic thermal exposure because of the densification phenomenon, depending on the as-prepared microstructure. However, the elastic modulus was not affected by feedstock species and cyclic thermal exposure in the top coat, whereas the elastic modulus values were increased after cyclic thermal exposure in the bond coats, resulting from oxidation. The adhesive strength values were determined to be about 6.5 and 6.4 MPa for the TBC systems with C-NS and NS on the modified HVOF bond coat, respectively, indicating that the plasma pretreatment on the bond coat provided a better adhesion to TBC system. This evidence allows us to control the interface stability and thermal durability of TBC and to propose an efficient coating in insulating and protecting the substrate from high temperature environments.
